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The existence of three types of phenylalanyl-tRNA
synthetase (PheRS), bacterial (ab)2, eukaryotic/
archaeal cytosolic (ab)2, and mitochondrial a, is a
prominent example of structural diversity within the
aaRS family. PheRSs have considerably diverged
in primary sequences, domain compositions, and
subunit organizations. Loss of the anticodon-binding
domain B8 in human cytosolic PheRS (hcPheRS) is
indicative of variations in the tRNAPhe binding and
recognition as compared to bacterial PheRSs. We
report herein the crystal structure of hcPheRS in
complex with phenylalanine at 3.3 A˚ resolution. A
novel structural module has been revealed at the N
terminus of the a subunit. It stretches out into the
solvent of 80 A˚ and is made up of three structural
domains (DBDs) possessing DNA-binding fold. The
dramatic reduction of aminoacylation activity for
truncated N terminus variants coupled with struc-
tural data and tRNA-docking model testify that
DBDs play crucial role in hcPheRS activity.
INTRODUCTION
By covalently coupling appropriate amino acids to their cognate
nucleic acid adaptor molecules, tRNA, aminoacyl-tRNA synthe-
tases (aaRSs) catalyze a highly specific two-step reaction in
translating the genetic code (Ibba and Soll, 2000). Despite
common catalytic functions, aaRSs from different species vary
greatly in amino acid sequence, size of polypeptide chains,
and subunit organization. Thus, eukaryotic cells harbor two
different types of phenylalanyl-tRNA synthetase (PheRSs): het-
erotetrameric cytoplasmic and monomeric mitochondrial. While
PheRS structures display variations in their quaternary organiza-
tion, both the a and b subunits in different organisms recapitulate
canonical phylogeny and suggest single origin for archaeal and
eukaryotic-cytosolic PheRSs, while mitochondrial enzymes
share common origin with a bacterial ancestor (Woese et al.,
2000). The heterotetrameric subunit organization of both pro-
karyotic and eukaryotic cytoplasmic PheRS is markedly
conserved in all known species throughout evolution. Even so,Structure 18, 3studies on cloning, sequencing (Rodova et al., 1999), and purifi-
cation of human cytosolic PheRS (hcPheRS) (Moor et al., 2002)
demonstrate that both a and b subunits differ significantly from
their bacterial analogs. The multiple sequence alignment
provides evidence that polypeptide chains of eukaryotic aaRSs
are significantly different from those of homologous prokaryotic
enzymes (Mirande, 1991). Elongation or shortening of the chains
occurs mostly at the N- or C-terminal extremities of the subunits,
rather than by insertions into the catalytic domain. While the
a and b subunits of hcPheRS contain 508 and 589 amino acid
residues, respectively, their partner subunits from Thermus
thermophilus (tt) are composed of 350 and 785 amino acids.
Thus, the sequence of the hcPheRS a subunit is found to be
158 residues longer, whereas the b subunit turns out to be 201
residues shorter than their respective subunits in ttPheRS
(Moor et al., 2002).
Structural studies of ttPheRS revealed the nature of the PheRS
(ab)2 subunit organization (Mosyak et al., 1995). Complexes
with tRNAPhe and various ligands enabled elucidation of the
functional roles of most of the 22 structural domains in ttPheRS
and explained why the enzyme must be a functional (ab)2 heter-
otetramer. The crystal structure of the binary ttPheRS,tRNAPhe
complex highlighted the crucial role of the b subunit C-terminal
domain (B8 domain) that specifically recognizes the anticodon
triplet of tRNAPhe (Goldgur et al., 1997). Layout of the hcPheRS
sequence and the 3D structure of ttPheRS provide evidence
that the polypeptide chains differ significantly from that of
prokaryotes, not only in length but also in domain composition.
Loss or acquisition of structural domains in eukaryotic and
prokaryotic PheRSs may be indicative of variations in non-
canonical functions that are characteristic of many aaRSs, along
with their key aminoacylation activity (Martinis et al., 1999; Safro
et al., 2005). Moreover, no anticodon-binding domain (ABD)
adopting a fold resembling that of the B8 domain has been iden-
tified in hcPheRS (Rodova et al., 1999). Thus, it was anticipated
that enzymes from the two kingdoms possess different modes of
interaction with tRNAPhe (Rodova et al., 1999). Further structural
information on eukaryotic PheRSs obviously needed to uncover
the molecular basis of the diversity between eukaryotic and
prokaryotic PheRSs.
Here we report crystal structure of hcPheRS complexed with
phenylalanine at 3.3 A˚ resolution. An essential feature of
hcPheRS is a novel fold formed by the N-terminal part of the
a subunit, whose functional role in tRNAPhe binding and complex
formation was studied by truncationmutagenesis. Phenylalanine43–353, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 343
Table 1. Crystallographic Data and Refinement Statistics for
hcPheRS
Data Collection
Space group C2
Cell dimensions
a, b, c (A˚) 363.3, 213.9, 212.9
a, b, g () 90, 125.2, 90
Resolution (A˚) 30–3.3 (3.42–3.3)
Rmerge 0.071 (0.66)
I/sI 8.1 (1.23)
Completeness (%) 96.8 (96.8)
Redundancy 1.9 (1.9)
Refinement
Resolution (A˚) 30–3.3
No. unique reflections 193,345 (19201)
Rwork/Rfree 24.2/28.7
No. atoms
Protein 59,309
B factors
Protein 120.6
Rmsds
Bond lengths (A˚) 0.008
Bond angles () 1.4
Values in parentheses are for highest-resolution shell.
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HcPheRS Reveals Idiosyncrasy in tRNA Binding Modeactivation and formation of Phe-tRNAPhe catalyzed by modified
hcPheRS have been compared with those of the wild-type
enzyme.
RESULTS
The X-ray crystal structure of the hcPheRS was determined at
3.3 A˚ resolution. The crystals contain four heterotetrameric
hcPheRSmolecules in the asymmetric unit (ASU). The molecular
weight of the sixteen subunit ensemble is about 990 kDa. Two
factors have a profound effect on the interpretability of the
electron density maps (see Figure S1 available online): (1) the
N-terminal fragment of the a subunit, which presumably partici-
pates in the binding and recognition of tRNAPhe, demonstrates
high general motility in the absence of tRNAPhe, as was exempli-
fied by the ttPheRS structure (Goldgur et al., 1997; Mosyak et al.,
1995); and (2) a markedly different packing environment for
subunits generated by non-crystallographic symmetry (NCS)
elements. The structure of the hcPheRS molecule is complete.
However, some fragments of the structure, clearly visible in
one region of the electron density map, were not detected in
other regions, due to the variations in environmental conditions.
The refined structure yielded a crystallographic factor of 24.2%,
with a free R factor of 28.7%. Data collection and refinement
statistics are presented in Table 1.
Overall Structure of hcPheRS
HcPheRS is a heterotetramer built of two ab heterodimers. Each
ab heterodimer consists of eleven structural domains: hA1, hA2,
DBD-1, DBD-2, and DBD-3 belong to the a subunit (see Figure 1)344 Structure 18, 343–353, March 10, 2010 ª2010 Elsevier Ltd All rigand hB1 and hB3-hB7 to the b subunit [the domains are marked
in accordance with the ttPheRS nomenclature; two domains, B2
and B8, presented in ttPheRS, are missing from the eukaryotic
enzyme (Figure S2B)]. The core of the hcPheRS (ab)2 heterote-
tramer is formed by the catalytic modules (CAM) from the
a subunits and the catalytic-like modules (CLM) from the
b subunits. It shares a common organization with ttPheRS
(Mosyak et al., 1995; Mosyak and Safro, 1993; see also Supple-
mental Information). Helices forming the central four-helix
bundle interface are the structural elements of motif 1 in both
a and b subunits. However, when the architecture of the central
part of the hcPheRS molecule is compared with that of ttPheRS
(Figure 2), it is apparent there is a difference in orientation of the
intramolecular axes connecting the dimers. For a given pair of
enzymes, the angle between the two intramolecular axes is
9.9. The total net charge within the central interface of hcPheRS
is zero, and the size of the contact surface area of this region is
604.5 A˚2.
A distinguishing feature of hcPheRS architecture is that the N
terminus of the b subunit is localized immediately adjacent to the
active site or, more specifically, to the area approaching the CCA
end of tRNAPhe. When the positions of N terminus in hcPheRS
and ttPheRS are compared, it is evident that in the bacterial
enzyme, this fragment is located 10–12 A˚ farther from the
active site.
The general conclusionsmay be drawnwith respect to intersu-
bunit communications within class II aaRSs: (1) the characteristic
ab interface of PheRSs, peculiar to homodimers of class II, is
essentially invariant; and (2) structural alignment of PheRSs
from different organisms clearly demonstrates the variations in
relative orientation of the two dimers in the (ab)2 molecule.
The N-terminal region of the hcPheRS a subunit includes resi-
dues 1–180 (Figure S2A). Secondary structure predictions
diverge significantly from the coiled-coil structure typical for
theN terminus of the a subunit in bacterial enzyme. The 3D struc-
ture of hcPheRS revealed an N terminus stretching of 80 A˚ out
into the solvent, characterized by three structural domains with
prototypical DNA-binding folds, helix-turn-helix (HTH) motifs.
Two of them (DBD-1 and DBD-3) belong to a superfamily of
‘‘winged helix’’ DNA-biding domains (SCOP a.4.5) (Figure 1).
They display similar architectures, with a common a+b fold
formed by three a helices packed against a three-stranded
antiparallel b sheet. The topology of DBD-1 and DBD-3 closely
resembles the topology of the Z-DNA-binding domain Za of
double-stranded RNA (dsRNA) adenosine deaminase and other
domains from DNA-binding proteins (Aravind et al., 2005;
Schade et al., 1999). Distinguishing features of the domains
are the points of entry and exit: DBD-2 and DBD-3 constitute
large insertions sequentially included between two neighboring
antiparallel strands of the DBD-1 domain. Moreover, the DBD-
3 is the domain insertion into DBD-2. There is a long stretch of
amino acid residues (181–224) connecting the CAM (i.e., hA1
and hA2) to the N terminus.
The Phenylalanine-Binding Pocket
The active site of hcPheRS is generated by CAM only and
comprises residues 225–508 of the a subunit. The bottom
surface of a deep, phenylalanine-binding pocket nearly parallel
to the phenyl ring of the substrate is covered by the Glya436,hts reserved
Figure 1. Structure of hcPheRS
(A) Stereo view of the hcPheRS heterotetrameric molecule. The structural domains associated with the symmetry related heterodimer are asterisked.
(B) Schematic representation of the structural domain organization both in the a and b subunits.
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HcPheRS Reveals Idiosyncrasy in tRNA Binding ModeSera435, Glya458, Alaa460, and Leua459. The side chains of
Sera435 and Leua459 are directed outwards from the pocket,
thus providing the space required for the phenylalanine and
for AMP moieties of aminoacyl-adenylate. The walls of the
pocket are formed by residues capable of making hydrogen
bonding and electrostatic interactions: Thra328, Sera332,
Glna372, and Glua374 (right side) and Asna410, Thra413, and
Asna434 (left side) (Figure 3A). The phenyl ring of the PheFigure 2. Crystal Structures of hcPheRS and ttPheRS Depicted in Sim
(A) Crystal structure of hcPheRS.
(B) Crystal structure of ttPheRS.
(C) Schematic representation of two heterotetramericmolecules: hcPheRS and ttP
axes a! and b! connect ab heterodimers in the heterotetramers (ab)2.
Structure 18, 3substrate (co-crystallized with hcPheRS) is anchored by edge-
to-face interactions with aromatic rings of Tyra412 and
Phea438. Glua374 and Thra329 are located in the vicinity of
the Phe substrate and presumably interact with the NH3
+ group
through water molecules, as shown in the structure of ttPheRS.
Two asparagine residues, Asna410 and Asna434, form
hydrogen bonds, thus strengthening the internal rigidity of the
active site cavity.ilar Orientations
heRS. Each ab heterodimer is depicted by a cylinder. The intramolecular 2-fold
43–353, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 345
Figure 3. The Synthetic Active Site of hcPheRS
(A) The amino acid-binding pocket with bound phenylalanine (colored in blue).
The principal protein residues forming the interior of the pocket are shown. The
distances between the aromatic ring of the phenylalanine substrate and
Tyr412 and Phe438, forming ‘‘edge-to-face’’ interactions within the aromatic
triad, are indicated.
(B) Superimposition of eight CAMs of hcPheRS, related to each other by NCS
elements in ASU.
(C) Superimposition of eight ‘‘motif 2’’ loops of hcPheRS, related by NCS
elements in ASU. The perfect alignment of b strands scaffolding the class II
active site is clearly seen.
Structure
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Two mobile loops, which are involved in closing up the active
site of PheRS play a key role in phenylalanine activation and
its transfer onto tRNAPhe (Fishman et al., 2001; Moor et al.,
2006). Selective exposure of hcPheRSmolecules to the different
environments generated by NCS contributes significantly to the
variations in the mobile loop conformations. The structural align-
ment of the eight CAMs of hcPheRS related by NCS elements in
the ASU is depicted in Figure 3B. Of special note are the varia-
tions in the motif 2 loop (see Figure 3C); the maximal rmsd calcu-
lated for 13 Ca atoms is 4.09 A˚. Under these conditions, it is
remarkable that b strands used as scaffolding to create the
architecture of the active site demonstrate remarkable stability
and nearly perfect alignment. One out of the eight observed
conformations of the motif 2 loop closely resembles the confor-
mation of the respective fragment in the structure of ttPheRS346 Structure 18, 343–353, March 10, 2010 ª2010 Elsevier Ltd All rigcomplexed with Phe-adenylate (an rmsd of 1.2 A˚ for the main
chain atoms).
The second mobile element, designated as a helical loop,
stands for the xPxxHPARD(M/x)(W/Q/H)DTF sequence and
contains a highly conserved short helical ARD fragment. This
loop is functionally analogous to the mobile structural elements
of other class II aaRSs. The helical loop (residues a264–a277 in
hcPheRS) plays an important role in the proper positioning of
the tRNAPhe acceptor end and displays a variety of conforma-
tions in the crystal structure of hcPheRS. These conformational
changes, triggered by NCS, are smaller than those observed
for the motif 2 loop (the maximal rmsd for Ca atoms is 2.36 A˚).
In ttPheRS, the helical loop is located much closer to the Phe-
AMP binding site, compared to that seen in the human enzyme.
As a consequence, the Phe-AMP binding site of hcPheRS is
substantially wider than that of ttPheRS. In hcPheRS, Hisa274
and Glna273 replace the Meta148 and Trpa149 residues that
define the ‘‘open’’ and ‘‘closed’’ conformations of the active
site in ttPheRS (Moor et al., 2006). They are displaced by 11.71 A˚
and 8.95 A˚, respectively, relative to their ttPheRS counterparts.
Structure of the Editing Site in Human Cytoplasmic
PheRS
The interface of domains hB3 and hB4 forms a deep, narrow
tunnel at a distance of 35 A˚ from the synthetic active site.
Despite low sequence similarity, the hB3/hB4 module of
hcPheRS resembles the editing module of the prokaryotic
ttPheRS in its architecture: the rmsd for 133 superimposed Ca
atoms is 2.28 A˚ (Figure 4). The editing modules from archaeal
Pyrococcus horikoshii PheRS (phPheRS) and hcPheRS share
higher sequence and structure similarity: the sequence identity
is 32%and the rmsd for 192 equivalent Ca pairs is 1.28 A˚. Taking
into account the structural resemblance of this region to those in
bacterial (Kotik-Kogan et al., 2005) and archaeal (Sasaki et al.,
2006) PheRSs, along with the reported editing activity of eukary-
otic enzymes (Lin et al., 1983, 1984; Ling et al., 2009) we
concluded that a given interface is also associated with the
editing activity of hcPheRS.
The crystal structures of hcPheRS, the editing domain of
phPheRS, and the ttPheRS complex with non-cognate tyrosine
(Kotik-Kogan et al., 2005; Sasaki et al., 2006) provide structural
guidelines to align amino acid residues involved in editing activity
of the human enzyme. Close inspection of these data shows that
Glub254 in hcPheRS is the counterpart of Glub334 in ttPheRS,
which plays a critical role in specific recognition of the Tyr moiety
of the editing substrate. However, the network of hydrogen
bonds anchoring the hydroxyl group of non-cognate tyrosine in
the complex with hcPheRS differs from that identified in
ttPheRS. We assume that recognition of the Tyr hydroxyl group
is achieved by its interactions with the O32 of Glub254 and the
Og1 of Thrb256; i.e., the Thrb256 (side chain) of hcPheRS might
substitute for Glyb315 (main chain) of the thermophilic enzyme to
form a hydrogen bondwith the Tyr molecule. The inner surface of
the ttPheRS editing site is characterized by a fully hydrophobic
environment surrounding the key Glub334 residue. In hcPheRS,
however, three hydrophilic residues, Hisb162, Serb232, and
Argb118, are added to the cavity of the editing site, thus making
it more hydrophilic in nature. The Leub223, Serb232, Thrb256,
and Glub254 residues have been implicated in the discriminationhts reserved
Figure 4. Superimposition of the Editing Sites from
hcPheRS and ttPheRS
The hcPheRS is shown in yellow and ttPheRS in cyan. Editing
sites are located at the interface of hB3/hB4 or B3/B4 domains
respectively.
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eukarya-specific editing site (Sasaki et al., 2006). According to
the modeling experiments, Glub334 and Hisb261 in ttPheRS
were identified as playing critical roles in anchoring Tyr-tRNAPhe
and subsequent hydrolysis of misacylated tRNA. Replacement
of these residues with Ala showed a significant loss of hydrolytic
activity in Escherichia coli PheRS (Roy et al., 2004). Considering
that the two bacterial enzymes resemble each other both in
sequence and in structure, it is reasonable to conclude that the
appearance of Alamethyl groups in ttPheRS also renders impos-
sible the anchoring of the OH group of Tyr and its subsequent
hydrolysis. Hisb261 appears to be replaced by Gly in hcPheRS.
At first glance, this substitution would seem to imply that the
hydrolytic mechanism is different in eukaryotic cytoplasmic (as
well as in archaeal) PheRSs. However, detailed inspection of
the editing site slot shows that in place of a Hisb261 (ttPheRS)
this local area in hcPheRS is occupied by a Asnb238 side chain,
capable of interacting with the carbonyl group of the Tyr mole-
cule in a manner analogous to His261(Kotik-Kogan et al., 2005).
Structural Modeling of hcPheRS,tRNAPhe Complex
The tRNAPhe anticodon recognition by both heterotetrameric
bacterial and monomeric human mitochondrial PheRSs
(hmPheRS) is achieved via interactions with the ABD located at
the C terminus of the b subunit of the (ab)2 enzyme or at the C
terminus of the monomeric hmPheRS. The lack of domain B8
in eukaryotic cytoplasmic and archaeal PheRSs, coupled with
knowledge of functional characteristics attributed to other struc-
tural domains, has led us to suggest that the N terminus of the
hcPheRS a subunit participates in the binding and recognition
of tRNAPhe. Amodel of the hcPheRS,tRNAPhe complex (Figure 5)
was generated by inserting the acceptor stemof tRNAPhe into the
active synthetic site and keeping the extremity of the CCA endStructure 18, 343–353, Maclose to that we observed in the ternary complex of
ttPheRS (Moor et al., 2006). This same assumption
holds for hcPheRS, as the topology of CAM is
unchanged for all class IIc aaRSs.
In line with this model, anticodon recognition is
achieved by interaction of anticodon loop with a struc-
tural domain associated with residues a187–a206.
This region is highly conserved among eukaryotic
PheRSs (Figure S4). Drawing an analogy with the
bacterial heterotetrameric PheRS, we speculate that
the N-terminal fragment of the hcPheRS a subunit,
implicated in complex formation with tRNAPhe, plays
a role as does the coiled-coil domain of the ttPheRS
a subunit. The spatial arrangement of the N-terminal
fragments of the a subunit and its symmetry mate
(the a* subunit) indicates that both may be considered
as candidates for anticodon binding when approach-
ing tRNAPhe. However, if the CCA end of tRNAPhe inter-acts with the active site located in the a subunit, and the
anticodon loop is recognized by the ABD from precisely the
same subunit, the necessity of (ab)2 organization in human
cytoplasmic PheRS comes into question. This suggests that
the CCA end and the anticodon triplet of one tRNAPhe are most
likely recognized by two different a subunits of hcPheRS.
Due to insufficient structural information concerning com-
plexes of hcPheRS with functional ligands, it is difficult to draw
firm conclusions about the mode of recognition of tRNAPhe, as
well as the amino acid residues involved in this process. Nev-
ertheless, structural modeling, coupled with multiple sequence
alignment (see Figure S4), leads us to suspect that residues in
the fragment 199–203 have to be implicated in base-specific
interactions with the anticodon triplet, a major determinant of
tRNAPhe specificity. Nucleotide 20, shown to contribute signifi-
cantly to tRNAPhe recognition by hcPheRS (Nazarenko et al.,
1992; Vasil’eva et al., 2009), might be bound by the highly
conserved fragment 159–161 of the N-terminal region.
Verifying the Functional Role of the N-Terminal
Domains by Means of Truncation Mutations
The structural modeling of hcPheRS complexed with tRNAPhe
suggests that the DBD-2 and DBD-3 domains interact with the
D and T loops of tRNA, while DBD-1, coupled with two antipar-
allel b strands, makes contact with the anticodon stem and
may exert an effect on anticodon triplet recognition. To explore
the functional role of the N-terminal domains in tRNA binding,
two variants with deletions in the a subunit were constructed
by site-directed mutagenesis. The first hcPheRS variant, PheR-
SaD60–170 (deletion of DBD-2 and DBD-3), was deprived of 111
amino acids from the N terminus of the a subunit. The second
truncated variant, PheRSaD1–175 (deletion of all DBDs), con-
tained 333 amino acids in the a subunit. To facilitate purificationrch 10, 2010 ª2010 Elsevier Ltd All rights reserved 347
Figure 5. An Overall View of Modeled hcPheRS,tRNAPhe Complex Structure
The intramolecular 2-fold axis goes vertically in the plane of the drawing. The tRNAPhe is colored in red.
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HcPheRS Reveals Idiosyncrasy in tRNA Binding Modeof the overproduced enzymes inE. coli, a 6-histidine tag (HT) was
appended to the C terminus of the b subunit of the wild-type and
mutant PheRSs. The final preparations were homogeneous, as
demonstrated by SDS-polyacrylamide gel electrophoresis
(Figure 6A). The ability of hcPheRS to activate phenylalanine
and to form the Phe-AMP intermediate was not affected by the
mutations. The wild-type PheRS, PheRSaD60–170, and PheR-
SaD1–175 all stimulate Phe-dependent ATP hydrolysis with
nearly identical specific activities (Figure 6C). No detectable
aminoacylation of tRNAPhe with the two mutant PheRSs could
be seen in experiments with a high enzyme concentration
(360 nM) (Figure 6B). The loss of aminoacylation in the mutants
is most likely due to their inability to bind tRNA. This implies
that the N-terminal domain of the a subunit is responsible for the
interaction of hcPheRS with the tRNA. Interestingly, no aminoa-
cylation with the mutant PheRSs was detected when the crude
tRNA was used in the reaction assay. This further suggests
that the N-terminal domain contributes mainly to binding and
recognition of the tRNA substrate.
DISCUSSION
We have now determined the crystal structure of human cyto-
plasmic PheRS complexed with a phenylalanine substrate. In
order to analyze the importance of the N-terminal region of the
a subunit of hcPheRS for tRNAPhe recognition and binding, we
constructed hcPheRS molecules with various truncated N
termini and measured impact of these truncations on phenylala-
nine activation and tRNAPhe aminoacylation. The kinetic data for
the wild-type and mutant variants of hcPheRS are indicative of
the critical role played by the DBD-1, DBD-2, and DBD-3
domains in tRNAPhe binding and recognition, i.e., from the348 Structure 18, 343–353, March 10, 2010 ª2010 Elsevier Ltd All rigdrastic reduction of aminoacylation activity seen upon removal
of the N-terminal domains.
The availability of a winged HTH domain at the N terminus of
the eukaryotic PheRS a subunit had been anticipated (Wolf
et al., 1999). In reality, the 3D structure of hcPheRS revealed
three structural domains with HTH motif DBD-1, DBD-2, and
DBD-3 at the N terminus of the a subunit. Proteins harboring
dsRNA-binding domains, whose topology closely resembles
that of DBD-1 and DBD-3, have been reported to interact with
dsRNA, irrespective of the sequence of nucleotides (Saunders
and Barber, 2003; Seeman et al., 1976). As noted (Fierro-Monti
and Mathews, 2000), relevant eukaryotic proteins can contain
up to five such domains, while other dsRNA-binding proteins,
most notably those encoded by viruses, usually contain only
one. It is of interest that ttPheRS possesses two structural
domains, B1 and B5, with dissimilar amino acid sequences but
with a topology analogous to that of DBDs; i.e., three a helices
packed against a three-stranded antiparallel b sheet (Mosyak
et al., 1995; Safro and Mosyak, 1995). In all proteins, the region
associated with the surface-exposed ‘‘winged’’ HTHmotif is well
conserved. Direct experiments on binding between ttPheRS and
particular DNA sequences upstream of the pheST (genes encod-
ing the PheRS) were performed (Dou et al., 2001). They provide
evidence that the B5 domain and its symmetry-related domain
B5*, located in the vicinity of the 2-fold intramolecular axis, are
the relevant structural elements for DNA binding (Dou et al.,
2001). Thus, we may speculate that hcPheRS and, in particular,
its hB5/hB5* domains may also be involved in DNA binding and
intracellular regulatory processes.
In fact, (ab)2 heterotetrameric hcPheRSdemonstrates a unique
repertoire of structural domains, ten of which contain the HTH
motif that may be involved in dsDNA/dsRNA binding. Thehts reserved
Figure 6. Effect of Truncation of the N-Terminal Domain of the Human Cytoplasmic PheRS a Subunit on Enzymatic Activity
(A) SDS-PAGE analysis of the wild-type and mutant hcPheRSs. Molecular weights of the subunits (in kDa) are shown in parentheses.
(B) Phe-tRNAPhe formation by wild-type PheRS and its mutant forms. Aminoacylation activity was measured by incorporation of [14C]Phe into tRNA. Reactions
were performed with 1.6 mM yeast tRNAPhe and 12 nM wild-type PheRS (square) or 36 nM mutant PheRS [PheRSaD60-170 or PheRSaD1-175 (open and filled
triangles, respectively)]. No detectable aminoacylation of tRNAPhe with the two mutant PheRSs could be seen in experiments with a high enzyme concentration
(360 nM).
(C) Phenylalanine activation by wild-type and mutant PheRSs. Time course of the formation of Phe-adenylate and AMP (produced due to adenylate hydrolysis)
was analyzed by TLC. The reaction was performed with 30 mM a-[32P]ATP, 180 nM wild-type PheRS (or 200 nM PheRSaD60–170 or 160 nM PheRSaD1–175),
1 mM phenylalanine, and 10 U/ml of inorganic pyrophosphatase. Data points on graphs represented on the bottom are the average of two independent
experiments.
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HcPheRS Reveals Idiosyncrasy in tRNA Binding Modeproposed interactions of DBD-1 or DBD-3 domains with dsRNA
are in agreement with the fact that the bulk of the contacts in the
tRNA,aaRSs complexes occur between the protein and the
sugar/phosphate backbone of tRNA: these contacts are non-
specific, localized at widely spaced regions of tRNA, and largely
electrostatic (Tworowski et al., 2005). The fact that some of the
proteins containing this domain (e.g., S10 and E3L) bind RNA,
particularly dsRNA, might explain the likely function of the
winged HTH domains in hcPheRS. In particular, it seems
possible that these domains contribute to an unusual, for aaRSs,
mode of tRNA binding via the anticodon stem.
The topology of hcPheRS heterodimerization area formed by
the CAMs and CLMs is essentially the same as in the known
homodimeric structures of class II aaRSs. CAM and CLM are
related by a 2-fold axis perpendicular to the two interface helices
of motif 1. Thus, the intramolecular interface of hcPheRS looks
quasi-tetrahedral, comprises a four-helix bundle (Figure 2), and
closely resembles interface formed by four catalytic domains
of SepRS (Fukunaga and Yokoyama, 2007; Kamtekar et al.,
2007). Similarity of two enzymes in quaternary organization
and the phylogenetic analysis (Kavran et al., 2007) bears witness
to the fact that SepRS is derived from PheRS and the common
ancestor is conceivable as a homotetramer. Transformation ofStructure 18, 3the PheRS progenitor into the catalytically active SepRS might
be related with loss and acquisition of different domains
(including ABD) during evolution after divergence. The close
association between the alternative tRNA-dependent pathway
of cysteine biosynthesis in methanogenic archaea, where
SepRS plays the central role (Sauerwald et al., 2005), and the
enrichment of methanogens with cysteine supports the impor-
tance of cysteines in ancient metabolic processes (Klipcan
et al., 2008). Thus, SepRS, evolved from its precursor PheRS
and being a component of the tRNA-dependent pathway in
methanogens, belongs to an ancient translation apparatus.
As previously reported, the tRNA recognition profiles of
eukaryotic aaRSs, though similar to one another, differ from
those in prokaryotes (Vasil’eva and Moor, 2007). Only limited
information regarding the interactions of hcPheRS with tRNAPhe
is presently available. The nucleotides 20, 34, 35, 36, and 73,
defined as identity elements for human tRNAPhe (Nazarenko
et al., 1992), determine tRNAPhe specificity in all Phe systems
studied, although their contribution to the phenylalanylation
efficiency is phylum dependent and varies greatly (Safro et al.,
2005). Thus, adenosine 73 is an essential determinant of tRNAPhe
specificity in the human system (Nazarenko et al., 1992). In
contrast, it contributes only to a minor extent to tRNAPhe43–353, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 349
Figure 7. Superimposition of Phenylalanine Binding Pockets
of hcPheRS and ttPheRS
The hcPheRS is colored in green, the ttPheRS in gray, and the phenyl-
alanine substrate in yellow. The principal protein residues forming
the interior of the pocket are shown.
Structure
HcPheRS Reveals Idiosyncrasy in tRNA Binding Moderecognition by bacterial PheRSs (Moor et al., 2006; Safro et al.,
2005). The close proximity of the terminal NH3
+ group of the
b subunit to the inferred position of the acceptor stem and to
A73 in particular proposes the importance of this nucleotide
for tRNAPhe recognition. The recognition set of human tRNAPhe
includes two lower base pairs of the anticodon stem, whose
mutation strongly affects the activity of hcPheRS: alteration of
two base pairs in the vicinity of the anticodon loop (positions
30-40 and 31-39) significantly reduces the efficiency of tRNAPhe
aminoacylation by hcPheRS (Nazarenko et al., 1992; Pallanck
et al., 1995). Though footprinting experiments (Vasil’eva et al.,
2009) provided us with additional contact sites where tRNAPhe
backbone interacts with hcPheRS (the most prominent effect
was shown for nucleotides 24–26, 30, and 41), care is required
in the interpretation of these results, due to relatively weak
protective effects.
Human cytoplasmic PheRS differs from the bacterial enzymes
in the distribution of amino acid residues within the phenylala-
nine-binding pocket (Figure 7). In ttPheRS, onewall of the pocket
is covered solely by hydrophobic residues, whereas the opposite
wall is made up of residues that may participate in electrostatic
interactions and hydrogen bonding (Fishman et al., 2001).
Such anisotropy unambiguously indicates the orientation of the
amino and carbonyl groups of the bound phenylalanine. How-
ever, this observation is not universally true: hcPheRS provides
an example of an alternative distribution (see above). Specific
recognition of phenylalanine by bacterial PheRS is achieved by
means of two neighboring residues, Phea258 and Phea260,
from the eubacteria-specific FPF loop (Fishman et al., 2001).
This aromatic triad forms a ‘‘network’’ of edge-to-face interac-350 Structure 18, 343–353, March 10, 2010 ª2010 Elsevier Ltd All rights restions. In hcPheRS, this network is not retained, since
Asna410 substitutes for Phea258 (in ttPheRS). A triplet
of residues Asna410, Proa411, and Tyra412 is invariant
in all eukaryotic PheRSs and replaces the FPF loop
(Figure 7). While the substitution of Phea260 (ttPheRS)
for Tyra412 (hcPheRS) may be defined as a conservative
change, the Phea438 seen in hcPheRS instead of Vala286
in ttPheRS is less readily apparent. Nonetheless, the
structure of hcPheRS complexed with phenylalanine
provides evidence that specific recognition of the sub-
strate still proceeds via two aromatic residues (Tyra412
and Phea438) that form the aromatic triad together with
the phenylalanine substrate. As it turns out, the recogni-
tion elements of eukaryotic cytoplasmic PheRS are
shifted from the left side of the phenylalanine-binding
pocket to the right side, as compared to ttPheRS. The
centroid of the substrate phenyl ring is separated from
the Tyra258 centroid by 5.5 A˚, while the distance between
the centroids of substrate and Phea438 is 5.9 A˚ (Fig-
ure 3A). These values are consistent with those observed
for ttPheRS complexed with Phe-AMP and in good agree-ment with the average value of5.5 A˚ derived from large number
of protein structures. Thus, highly specific and energetically
favorable interactions are retained in hcPheRS as well.
The displacement of the aromatic dyad recognizing substrate
phenylalanine from the left side of the amino acid-binding pocket
(ttPheRS) to the right side (hcPheRS) provides an explanation of
the distinctive kinetic parameters determined for phenylalanine
and its analogs. Recently, we showed that meta-tyrosine
(m-Tyr), a reactive oxygen species-damaged form of phenylala-
nine, may be incorporated into eukaryotic proteins via a specific
tRNA-dependent pathway, using mitochondrial and possibly
cytosolic PheRSs (Klipcan et al., 2009). HcPheRS binds m-Tyr
in the synthetic active site with an affinity of 150 mM, which is
one order of magnitude lower than the affinity of mitochondrial
and bacterial PheRS (13 mM) and 50 times lower than the
affinity to phenylalanine (3 mM). The network of interactions
anchoring m-Tyr in the active site of hmPheRS is further
strengthened by hydrogen bonding of its OH group with
Glna124 and Glua159. Modeling experiments of m-Tyr in the
active site of hcPheRS arrange the m-Tyr hydroxyl group in the
vicinity of Phea438 and Alaa456 (see Figure S5). However,
such an environment is less favorable energetically and clarifies
the observed difference in discrimination of the aromatic amino
acids by the two PheRSs.
Kinetic experiments with the reactive oxygen species-
damaged amino acids show that despite similarity in the
architecture of the editing sites of hcPheRS and ttPheRS, their
editing activities toward the misaminoacylated tRNAPhe may
be significantly different. We performed steady-state aminoacy-
lation kinetics measurements, when the E. coli tRNAPheerved
Structure
HcPheRS Reveals Idiosyncrasy in tRNA Binding Modemisaminoacylated with m-Tyr by hmPheRS was incubated with
hcPheRS and ttPheRS (Klipcan et al., 2009). It is known that
both bacterial and yeast cytoplasmic tRNAPhe are ‘‘good’’ heter-
ologous substrates of hmPheRS. Adding the ttPheRS to the
aminoacylation reaction mixture resulted in complete hydrolysis
of m-Tyr-tRNAPhe. However, hcPheRS was unable to hydrolyse
m-Tyr-tRNAPhe. At the same time, experiments performed with
Tyr-tRNAPhe showed that this product was efficiently deacylated
by hcPheRS (Klipcan et al., 2009). Under such conditions,
Phe-tRNAPhe is remarkably stable. The data indicate that bacte-
rial and eukaryotic PheRSs are active in the trans-editing of one
type of non-cognate amino acids and behave differently toward
damaged amino acids. It is obvious that variations in selectivity
of the amino acids subjected to hydrolysis are related to the vari-
ations in the side chains of the residues exposed to the hydrolytic
site near the invariant Glub334/Glub254 in ttPheRS and
hcPheRS, respectively.
With knowledge of the 3D structure of hcPheRS, we can now
explain that the observed loss of aminoacylation activity by
the enzyme resulted from the addition of not only 20 but also
3 additional amino acids to the N terminus of the b subunit
(Moor et al., 2002). The structural data imply that the presence
of even three additional amino acids at the N terminus of the
b subunit will still interfere with the correct positioning of tRNAPhe
in the active site, thereby preventing aminoacylation from occur-
ring. Notably, addition of the C-terminal extension (His tag) to the
b subunit has no effect on hcPheRS activity in both the activation
and aminoacylation reactions.
The X-ray, biochemical, and cross-linking experiments
(reviewed in Moor et al., 2006) suggest conservation of the
molecular mechanism, ensuring the precise positioning of the
CCA end within the catalytic site of tetrameric PheRSs.
Moreover, most of the residues cooperating in binding and
recognition of the adenylate AMP moiety and A76 of tRNAPhe
are class II invariant and strictly conserved in all PheRSs.
Conformational changes of the hcPheRS helical loop (residues
a264–a277) may occur upon substrate binding. Hisa274 (corre-
sponding to Trpa149 of ttPheRS) can interact with Phe-AMP
through its imidazole ring. Moreover, the side chain of Glna273
in hcPheRS may replace Meta148 of ttPheRS in assisting with
the productive complex formation upon tRNAPhe binding. In
contrast, the crystal structure of hmPheRS complexed with
Phe-AMP displays a helical loop conformation, suggesting no
interaction with the first intermediate of aminoacylation reaction.
The conformation of the helical loop in the structure of hcPheRS
resembles that of the respective structural element of bacterial
Staphylococcus hemolyticus PheRS (shPheRS) more closely
than that of ttPheRS. The functional role of this mobile element
will be better understood when the structure of hcPheRS
complexed with tRNAPhe in both the presence and absence of
the Phe-AMP analog will be determined.
EXPERIMENTAL PROCEDURES
Protein Preparation
The native human cytoplasmic PheRS was cloned, expressed, and purified
as previously described (Moor et al., 2002). The 6-His tag was appended to
the C terminus of the b subunit. A QuikChange site-directed mutagenesis kit
(Stratagene) was used for deletion of fragments from the N terminus of the
a subunit in hcPheRS. The plasmids of wild-type hcPheRS were used asStructure 18, 3a template. Two deletion mutants of hcPheRS were constructed: aD60–170,
deletion of residues 60–170, and aD1–175, deletion of residues 1–175. The
primers used for the first deletion of amino acids 60–170 of the hcPheRS
subunit were 50-CGAGGCTGAACTTCGGTCCACCAAGTCTAAGACCTACTG
GGTGAGCAAAGGC-30 and its reverse complement primer. The primers
used for the second deletion of amino acids 1–175 of the hcPheRS a subunit
were 50-GTTTAACTTTAAGAAGGAGATATACCATGTCTAAAGGCAGTGCCTT
TAGTACCAGC-30 and its reverse complement primer. The deletion of amino
acids was confirmed by sequencing.
The hcPheRS mutants [(aD60–170, bHT)2 and (aD1–175, bHT)2] and the wild-
type form contained a His tag, appended to the b subunit’s C terminus, and
werepurifiedbymeansof amultistepproceduredescribed inMoor et al. (2002).
Crystallization, Structure Determination, and Refinement
Crystallization, data collection, and initial phasing using the molecular replace-
ment method were performed, as previously described (Finarov et al., 2009).
Initial modification of the model was carried out with the PHENIX program
(Adams et al., 2002). Positions of 186 selenium atoms were located from the
anomalous difference Fourier map (Dano), with the phases derived from the
partial MR model. Refinement of Se atom positions and calculation of an
experimental map from the MAD data set was accomplished by means of
the SHARP program (Bricogne et al., 2003). A combination of experimental
and molecular replacement phases were carried out with the SIGMAA
program (Adams et al., 2002; Read, 1986). Manual model rebuilding was
performed using the Coot (Emsley and Cowtan, 2004) and O (Jones, 1978)
programs. Refinement of the model was done using CNS package (Brunger
et al., 1998). During refinement, NCS restraints were used, keeping the ab
dimer as a primary NCS group. Residues 1–220, 257–310, 354–371, 418–
433, and 465–474 of the a subunit were excluded from NCS restraints; each
of these fragments was refined independently.
tRNA Aminoacylation
Aminoacylation of tRNAPhe with human cytoplasmic PheRS was performed by
a tRNA precipitation assay (Francklyn et al., 2008) in conditions previously
described (Moor et al., 2002). The reaction mixture contained 50 mM
Tris-HCl (pH 8.0), 30 mM MgCl2, 5 mM 2-mercaptoethanol, 5 mM ATP,
10 mM L-[14C]phenylalanine, and 1.6 mM yeast tRNAPhe. The reaction (per-
formed at 25C) was initiated by addition of the enzyme: 12 nM wild-type
PheRS or 36–360 nM mutant PheRS, PheRSaD60–170, or PheRSaD1–175.
ATP Hydrolysis Assay
Formation of aminoacyl-adenylate was directly measured by means of a
thin-layer chromatography assay (Splan et al., 2008). The reaction mixture
contained 50 mM Tris-HCl (pH 8.0), 30 mM MgCl2, 5 mM 2-mercaptoethanol,
1 mM L-phenylalanine, 30 mM a-[32P]ATP, and 10 U/ml of inorganic pyrophos-
phatase. The reaction (performed at 37C) was initiated by adding 160–200 nM
PheRS (wild-type or mutant, PheRSaD60–170 or PheRSaD1–175). ATP,
Phe-AMP, and AMP (formed during hydrolysis of Phe-AMP) were separated
by TLC (on PEI cellulose plates; Merck) developed in a mixture of acetic
acid, 1 M ammonium acetate, and water (5:10:85, v/v). The radioactivity of
spots was quantified by phosphorimaging.
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sion number 3L4G (structure of hcPheRS).
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